Phase equilibrium measurements for CO 2 + N 2 + TBAF hydrates
To determine subcooling temperatures of gas separation tests, we performed phase equilibrium measurements for CO 2 + N 2 + TBAF + H 2 O systems with w TBAF = 0.10, 0.20 and 0.30 at around 1, 3 and 5 MPa. We employed the isochoric method with 0.5 K of a temperature increment.
The obtained CO 2 compositions were 0.111-0.125 in mole fraction. Results of the phase equilibrium measurements are summarized in Figure S1 . Figure S1 . Three phase equilibrium data of TBAF hydrates with CO 2 + N 2 , CO 2 , N 2 and H 2 . The symbols show aqueous solutions: ○ with blue, CO 2 + N 2 + TBAF with w TBAF = 0.10 (this study); ○ with red, CO 2 + N 2 + TBAF with w TBAF = 0.20 (this study); ○ with yellow, CO 2 + N 2 + TBAF with w TBAF = 0.30 (this study); △ with purple, CO 2 + TBAF with w TBAF = 0.10 S1 ; ◊ with light blue, N 2 + TBAF with w TBAF = 0.34 S2 ; × with pink, 0.20 CO 2 + 0.80 N 2 + TBAF with w TBAF = 0.34 S3 ; □ with green, H 2 + TBAF with w TBAF = 0.21 S4 . 
Methods for estimation of the uncertainties
We estimated expanded measurement uncertainty with 95 % reliability (U) for total captured gas amount (n H ), CO 2 capture amount (n CO 2 H ), CO 2 composition in captured gas (ɸ CO 2 ) and separation factor (S.F.). A schematic calculation process was shown in Figure S2 . The detailed calculation process was shown in below. The process follows the equation of propagation of error. S5 Figure S2 . Flowchart of the calculation process for n H , n CO 2 H , ɸ CO 2 and S.F. y, P, T y ', P ', T '
Before hydrate formation After hydrate formation u(V G ) = 20 cm 3 S.F.
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A) Total captured gas amount (CO 2 + N 2 ) in TBAF hydrates (n H ) Total captured gas amount (CO 2 + N 2 ) in TBAF hydrates (n H ) was obtained as follows:
where the n G and n' G are total gas amount in gas phase before and after hydrate formation, respectively. The ρ G , and ρ' G are the density of gas phase before and after hydrate formation calculated by REFPROP 9.1, S6 respectively. In fact, although the volume of gas phase (V G ) changes due to the formation of hydrates, we do not consider the change in this study. Standard uncertainty (u) of n H (u(n H )) was calculated by following equation.
Uncertainties of density (u(∆ρ G )) and volume of gas phase (u(V G )) are 0.1% from REFPROP 9.1 S6,S7 and 0.00002 m 3 as an uncertainty of inner volume of the hydrate formation reactor, respectively. S5 B) CO 2 capture amount in TBAF hydrates (n CO 2 H ) CO 2 capture amount in TBAF hydrates (n CO 2 H ) was obtained as follows:
where the n CO 2 G and n' CO 2 G are the CO 2 amount in gas phase before and after hydrate formation, respectively. The y CO 2 and y' CO 2 are the CO 2 composition in gas phase before and after hydrate formation obtained by gas chromatograph, respectively. Uncertainty of n CO 2 H ( u(n CO 2 H ) ) was calculated by following equation:
Uncertainty of CO 2 density of gas phase (u(ρ CO 2 G )) is also 0.1 % from REFPROP 9.1. S6,S7 C) CO 2 composition in TBAF hydrates (ɸ CO 2 ) CO 2 composition in TBAF hydrates (ɸ CO 2 ) was obtained as follows:
where the n N 2 H is captured N 2 amount in TBAF hydrates. n N 2 H was calculated by the same manner with n CO 2 H . Uncertainty of ɸ CO 2 (u(ɸ CO 2 )) was calculated by following equation:
Uncertainty of captured N 2 amount in TBAF hydrates (u(n N 2 H )) was calculated by the same manner with u(n CO 2 H ). S6 D) Separation factor (S.F.)
Separation factor (S.F.) is defined as follows:
where n' N 2 G is N 2 amount in gas phase after the hydrate formation. Uncertainty of S.F. (u(S.F.)) was calculated by following equation:
Uncertainties of N 2 and CO 2 amount in gas phase after hydrate formation (u(n' N 2 G ), u(n' CO 2 G )) were obtained as follows:
Uncertainty of density of gas phase after hydrate formation (u(ρ' G )) is 0.1 % from REFPROP 9.1. S6,S7 Uncertainties of both N 2 and CO 2 composition in gas phase after hydrate formation (u(y' N 2 ), u(y' CO 2 )) are 0.001 in mole fraction. S7 
Detailed results of gas separation tests
We performed the gas separation tests more than five times in each condition. and those uncertainties are provided in Table S1 . Table S1 . 
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For the analysis of aqueous composition before and after the gas separation tests, we correlated refractive index to w TBAF by aqueous solutions having thirteen different w TBAF between 0.050 and 0.600. Based on the aqueous composition change through the gas separation tests, we calculated TBAF consumption of aqueous phase (n TBAF H ) as shown in Figure S10 . Table S2 summarizes the results for refractive index, calculated aqueous composition and TBAF consumption of aqueous phase. There is a lack of the data for run 1 of w10-1 MPa. For the tests of w TBAF = 0.20 and 0.30, it was not possible to sample aqueous solutions because of sampling tube plugging by the hydrates. The calculation process was described below. TBAF consumption of aqueous phase (n TBAF H ) was obtained as follows:
where m TBAFaq. and M TBAF are mass of TBAF aqueous solution which is 300 g in this study and molar mass of TBAF, respectively. w TBAF and w' TBAF are mass fraction of TBAF aqueous solution before and after hydrate formation, respectively. Figure S11 summarizes the TBAF hydrate crystals formed in the gas separation tests. All the photographs were taken within 10 minutes after the crystallization. Figure S11 . Single crystals of TBAF hydrates formed in gas separation tests. All the photographs were taken within 10 minutes after the crystallization. Table S3 summarizes formation conditions of single crystals and X-ray diffraction and structure data for the present TBAF hydrates. Table S3 . Formation conditions of the present TBAF hydrate formed under CO 2 + N 2 pressure and X-ray diffraction and structure data. 
Summary of the single crystal X-ray diffraction measurements and structure analyses

